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PROGRAM ACCOMPUISHMENTS
At the start of the program the combustion synthesis approach to diamond growth was in its infancy.
Dr. Hirose (Nippon Institute of Technology -Japan) had just announced the feasibility of growing diamond films in a combustion flame and several programs around the world were just beginning to duplicate his results. The North Carolina State University program benefitted greatly by having Dr. Hirose spend a oneyear sabbatical as a visiting Professor at NCSU in 1989-90.
Under his expert guidance a combustion growth apparatus was quickly assembled, baseline deposition techniques established and the microstructure of baseline diamond films characterized. Realtime control over the acetylene combustion flame apparatus has since been achieved. A second system has been assembled within a controlled atmosphere chamber to permit future investigations to be conducted under inert or low pressure conditions. This 3-year program has resulted in a number of important insights:
"The optimum parameters for growing high quality diamond films have been found to be: substrate temperature 600-7500C, 0 2 /C 2 H 2 ratio of .95-.98, and a growth rate of about 30 prn/h. Deposition on substrates held at temperature below 9000C favor film growth with (111) surface facets; growth above 9500C favor films with (100) facets. The periodic shift to oxygen-rich (etching) conditions, 0 2 /C 2 H 2 ratio of 1.01, leads to further improvements in film quality, eg. the Raman spectra indicates a decrease in the sp2 component (1530 cm-1 peak), see Figure 1 . Diamond deposited under optimum combustion conditions have low conductivities rivaling those of natural diamond, see Figure 2 . These conductivities fall considerably below those of films prepared by other lowpressure CVD approaches.
" Defect structures in diamond films have been found to display a strong substrate temperature dependence.
At substrate temperatures below 5000C a high density of microtwinning is observed. Above 6000C the microtwinning is no longer observed and the overall defect density is drastically reduced. Stacking faults and dislocations are present, but in much lower concentrations. This suggests that enhanced surface diffusion at higher temperatures is sufficient to correct the stacking errors responsible for the formation of microtwins during growth. These findings upset the conventional wisdom on the growth of defect-free diamond films. Prior to our studies it had been felt that low defect films would result only above 9500C, where the growth surface shifted from (111) to (100).
" It has been found that film nucleation can be greatly enhanced by adjusting the flame chemistry during the first few minutes of the deposition experiment. Flame deposition parameters that increased carbon flux to the surface while suppressing oxide growth favor diamond nucleation. Interestingly, the spatial variation in diamond film growth rate across the flame diameter, which is frequently reported in the early combustion growth literature, has been found to be a nucleation kinetics issue. Once nucleated, nearly uniform film growth occurs over the entire cross section of the flame. Relatively well textured and smooth surfaces have been grown starting with pretreated surfaces that provided a high density of nuclei with direct registry to the Si (100) substrate. Near-continuous diamond films have been grown in a combustion flame using either a "mosaic" (oriented diamond-seeded) substrate supplied by M. Geis (1) or microwave pretreated surfaces (2) , see Figure 3 . Details of the pretreatment experiments are given elsewhere (2) (3) (4) (5) . The texture of the original diamond seeds has been maintained during the growth phase and nearly seemless coalescence of adjoining grains can be observed in both cases. Recently, very similar successes have been realized using Ni substrates. Whether similar in-situ pretreatment approaches can be developed for the combustion flame system will be the topic of the follow-on proposal.
PROGRAM PUBLICATIONS: Due to the simplicity of the approach, the relatively high growth rate and inexpensive equipment requirements, diamond researchers worldwide have been motivated to study this combustion growth technique in detail.16-1tl High quality films with good optical transparency and a sharp Raman 1332 rn-1 peak have now been deposited.1121 Research, to date, indicates that the characteristics (morphology, graphitic component) of the diamond films or particles synthesized by oxy-acetylene combustion flames depends on several important parameters, including 0 2 /C 2 H 2 ratio (R), substrate temperature (Ts), and substrate-to-torch distance. High quality diamond has been found to form only in a narrow region of R and Ts.16,10,11t
No detailed microstructural studies have been reported on diamond formed in a combustion flame, although nearly defect free high quality diamond grains have been confirmed by Transmission Electron Microscopy (TEM).1131 The present study reports on the microstructures that form in diamond prepared by this method,
Introduction
Diamond possesses a unique combination of highly favorable technological properties, such as high hardness, strength, thermal conductivity, electron-saturated drift velocity, hole and electron mobilities, chemical and thermal stability, radiation hardness and optical transparency [1, 2] . Currently, intensive research activities around the world are aimed at developing a new era in diamond technology which will fully utilize these unique properties of diamond in applications ranging from coatings for wear resistance and cutting tools to optical windows for visible and infrared (IR) transmission, as well as thin films for high temperature, high power semiconductor devices. Substantial progress has been made in this field and currently diamond film and particle synthesis from the vapor phase under low pressure is routinely achieved by more than 10 different methods. However, although epitaxial diamond films can be grown on diamond substrates [3] [4] [5] , for diamond to reach its true potential, high quality monocrystalline films must be grown on economically viable non-diamond substrates. Judging from A.
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The role of SiO 2 in nucleation of diamond has been investigated in an oxy-acetylene Of flame. It was found that growth methods that minimize SiO, formation enhance diamond fu nucleation. A short pretreatment of a scratched Si surface in a low oxygen-to-acetylene f&. ratio flame, at a distance 1.5 cm from the flame core, significantly improved uniformity in of subsequent diamond growth. When scratched surfaces were intentionally oxidized. in nucleation of diamond was cornpietely inhibited. By using a mask to controllably deposit W SiO2 on a scratched Si surface, highly selective deposition of diamond was achieved with W resolution below 5 A.m. These results are discussed with reference to competing oxidati n 1 and carbon formation processes that take place during the nucleation of diamond. ci During the nucleation stage, carbon may be deposited on the scratched Si via a route in 0 which the Si surface catalyzes carbon formation reactions that are otherwise kinetically unfavorable. The formation of an oxide layer, on the other hand, would act to passivate st the surface, and thus inhibit carbon formation via a catalytic route. The decomposition g. of CO to C and CO. is given as an example of a reaction that is favored at temperatures obelow 1000 K, but requires surface catalysis to proceed because it remains frozen out in % the gas phase due to a very slow reaction rate. d tr a b
N4TRODUCTION
In this report the deposition of pinhole-free diamond Since the growth of diamond by oxy-acetylene torch films on Si, over the entire flame, front is described. A first reported by Hirose,' a significant amount key factor in obtaining these films was a pretreatment work has focused on understanding the flame that was carried out at 1.5 cm from the flame core. mistry-' as well as growth dynarr"':s' in order to This was followed by growth at 1.5 mm from the flame )rove the uniformity of diamond films. While a high core. Both pretreatment and growth took place with isity. annular ring of diamond forms at the perimeter the substrate surface directly perpendicular to the flame C the flame, a significant problem has been the lack direction. By applying the pretreatment to Si substrates growth in the central region of the flame front.- 5 It masked off with SiO 2 , highly selective growth over been suggested that a large radial variation in flame relatively large areas has been achieved with an oxy-'mistry may be responsible for these observations. 3 " acetylene flame.
•ious strategies have been employed to minimize this
The experimental setup consisted of a standard iuniformity. Oaks er al.5 found that growth was more welding torch with a #2 tip. The oxygen and acetylene form when the substrate was moved 6 mm from the flow rates through the torch were controlled by MKS ne core; they concluded that concentrations of flame mass flow controllers (MFC), and the total flow for both !cies were more homogeneous in this region of the gases was typically 4000 sccm. Substrate temperature ne. Others have improved uniformity by growing was regulated by a water cooled copper stage, and mond with the substrate at an angle relative to the substrate surface temperature was measured by a twome direction. For instance, Tzeng et aL7 grew at a 70" color pyrometer (Williamson 8220). Both the MFCs ;le relative to the flame to obtain complete films on Si.
and the pyrometer were interfaced to a PC via a ,wever, it seems that in those cases where uniform diaKeithley/Metrabyte DASCONI DAC/ADC board. A md films were achieved, growth had to oc preceded by QuickBasic program was written to monitor and control Dw oxygen-to-acetylene rat;-(Rf) pretreatment. Thus, the growth so that complicated gas profiles could vi et al.d used a short, low Rt pretreatment to signifbe programmed and run without supervisioi, and gas ntly improve film coherence, whereas Tzeng et al. ' flow and temperature could be continuously mpnitored. o reported a low R 1 (0.85) pretreatment to be necessary The early stages of a gas phase pretreatment for diamond nucleation in an oxy-acetylene flame were investigated. The pretreatment involved a low oxygento-acetylene ratio (Rf) performed at 15 mm from the torch on a scratched Si substrate. The nature of the carbon species deposited was analyzed using X-ray photoelectron spectroscopy, scanning Auger electron spectroscopy, and scanning electron microscopy. 180 seconds of the pretreatment process produced a complete film in the center of the deposition area and the first diamond crystals appearing after 30 seconds. Furthermore, 'he pretreatment process kept the oxide layer less than the thickness generated by the control conditions, (Rf = 0.93, d = 15mm). The success of the pretreatment was attributed to changes in the flame structure and chemistry from the control conditions. The invention of the combustion flame diamond synthesis technique by Hirose in 19881 generated considerable interest in the field of diamond research because of its low start up cost and high growth rate. However, a disadvantage is that the diamond growth has been limited to an annular ring when the flame direction is normal to the substrate. 2 , 3 To circumvent this problem, researchers have tilted the flame relative to the substrate 4 and/or used a low gas ratio pretreatment step 5 ' 6 before operating under normal growth conditions. When the low 0 2 :C 2 H2 ratio (Rf) pretreatment step was used, the researchers found an increase in the nucleation density leading to continuous film deposition even in the center of t0w flame front. 5 ', 6 One explanation given 5 for the success of the pretreatment involved the deposition of a diamond-like carbon layer, which was speculated to provide a higher concentration of hydrogen in the growth region and to be a highly defected structure providing a large numL c of nucleation sites. Alternatively, Windheim and Glass 6 suggested that the pretreatment step primarily suppresses oxide formation on the substrate surface and allows frozen equilibrium reactions to continue.
Because high nucleation density and film growth throughout the flame front are important for improved efficiency and future scale-up of the
